Introduction
An important characteristic of stem cells is their ability to selfrenew (Potten, 1992) . Although many stem cells are believed to divide infinitely by self-renewal division, there is little evidence that demonstrates the infinite replicative potential of stem cell populations. Numerous studies have also shown that cells with a high replicative potential often exhibit many abnormalities when they are maintained in vitro. The serial propagation or aging of cells in culture not only induces chromosomal abnormalities, but also other degenerative cellular changes, including abnormal structures in the cytoplasm, changes in metabolism, replicative efficiency or growth rate that culminates in apoptosis or tumorigenic behavior (Rubin, 2002) . Although stem cells are considered to have a special machinery to maintain their replicative potential without accumulating abnormalities (Cairns, 2002) , stem cells derived from germline of embryos are sensitive to such stress, as embryonic stem (ES) or embryonic germ (EG) cells very often exhibit abnormalities in chromosome structure and genomic imprinting patterns after culture (Labosky et al., 1994; Liu et al., 1997; Longo et al., 1997; Dean et al., 1998; Humpherys et al., 2001; Draper et al., 2004) , which lead to loss of germline potential. However, owing to the lack of appropriate system, it remains unknown whether stem cells from postnatal tissues are similarly unstable in culture.
Spermatogonial stem cells are the founder cell population for spermatogenesis (Meistrich, 1993; de Rooij and Russell, 2002) . Although spermatogonial stem cells are infrequent and divide slowly in vivo, the addition of GDNF to in vitro cultures of these cells induces self-renewing division of spermatogonial stem cells: the cells increase logarithmically in vitro without losing the capacity to produce spermatogenesis when transferred into the seminiferous tubules of infertile mouse testes (Kanatsu-Shinohara et al., 2003b; Ogawa et al., 2004; Kubota et al., 2004) . Recipient mice that received grafts of transfected cultured spermatogonial stem cells sired transgenic offspring at a frequency approaching 50%, which is five-to 10-fold higher than the frequencies achieved using traditional methods based on oocytes or embryos (Kanatsu-Shinohara et al., 2005a ). Owing to their unique characteristics, we Although stem cells are believed to divide infinitely by selfrenewal division, there is little evidence that demonstrates their infinite replicative potential. Spermatogonial stem cells are the founder cell population for spermatogenesis. Recently, in vitro culture of spermatogonial stem cells was described. Spermatogonial stem cells can be expanded in vitro in the presence of glial cell line-derived neurotrophic factor (GDNF), maintaining the capacity to produce spermatogenesis after transplantation into testis. Here, we examined the stability and proliferative capacity of spermatogonial stem cells using cultured cells. Spermatogonial stem cells were cultured over 2 years and achieved ~10 85 -fold expansion. Unlike other germline cells that often acquire genetic and epigenetic changes in vitro, spermatogonial stem cells retained the euploid karyotype and androgenetic imprint during the 2-year experimental period, and produced normal spermatogenesis and fertile offspring. However, the telomeres in spermatogonial stem cells gradually shortened during culture, suggesting that they are not immortal. Nevertheless, the remarkable stability and proliferative potential of spermatogonial stem cells suggest that they have a unique machinery to prevent transmission of genetic and epigenetic damages to the offspring, and these characteristics make them an attractive target for germline modification. designated these cells 'germline stem' (GS) cells to distinguish them from ES cells or EG cells (Evans and Kaufman, 1981; Martin, 1981; Matsui et al., 1992; Resnick et al., 1992; Kanatsu-Shinohara et al., 2003b) . Thus, GS cells created a new possibility to study spermatogonial stem cells.
In this study, we examined the replicative potential and stability of spermatogonial stem cells during long-term culture. Two independent GS cell cultures were maintained for 2 years, and the cultured cells were analyzed for their phenotypic and functional characteristics, including the germline potential.
Materials and methods

Cell culture
The GS cells were established from the testes of a newborn transgenic mouse from the C57BL6/Tg14(act-EGFP-OsbY01) line that was bred on the DBA/2 background (Kanatsu- Shinohara et al., 2003b) , whose cells express enhanced green fluorescence protein (EGFP). A singlecell suspension was prepared using a two-step enzymatic digestion with collagenase and trypsin, and the cultures were initiated as previously described (Kanatsu-Shinohara et al., 2003b) . The established GS cells were transferred onto a feeder cell layer of mitomycin C-treated mouse embryonic fibroblasts (MEFs). ES and multipotent germline stem (mGS) cells were cultured using standard ES cell culture conditions, as previously described (KanatsuShinohara et al., 2004b) . The cells were cryopreserved using Cellbanker (DIA-IATRON, Tokyo, Japan) (Kanatsu- Shinohara et al., 2003c) .
Transplantation
The cultured cells were collected by trypsinization and were filtered through 30 m nylon mesh before transplantation. Approximately 3 l of the cell suspension were microinjected into the seminiferous tubules of the testes of 4-to 8-week-old WBB6F1-W/W v recipients (W mice; Japan SLC, Shizuoka, Japan) via the efferent duct (Ogawa et al., 1997) . The injections filled 75 to 85% of the tubules in each recipient testis. The recipient W mice received anti-CD4 antibody injections to induce tolerance to the allogeneic germ cells (KanatsuShinohara et al., 2003a) . For the testing of tumor-forming potential, approximately 3ϫ10 6 cells were injected into KSN nude mice (Japan SLC). The Institutional Animal Care and Use Committee of Kyoto University approved all of the animal experimentation protocols.
Analysis of testis
Donor cell colonization was analyzed by observation of fluorescence under UV light (Kanatsu-Shinohara et al., 2003a) . This method allows the specific identification of transplanted cells, because the host testis does not fluoresce. The recipient testes were also fixed in 10% neutral buffered formalin, and processed for paraffin sectioning. All sections were stained with Hematoxylin and Eosin for histological analysis.
Antibodies and staining
The primary antibodies used were: rat anti-mouse EpCAM (G8.8), mouse anti-mouse SSEA-1 (MC-480; Developmental Studies Hybridoma Bank, University of Iowa), rat anti-human ␣6-integrin (CD49f) (GoH3), biotinylated hamster anti-rat ␤1-integrin (CD29) (Ha2/5), biotinylated rat anti-mouse CD9 (KMC8) and allophycocyanin (APC)-conjugated rat anti-mouse Kit (2B8; all from BD Biosciences, Franklin Lakes, NJ). APC-conjugated goat anti-rat-IgG (Cedarlane Laboratories, Ontario, Canada), APC-conjugated streptavidin (BD Biosciences) and Alexa Fluor 633-conjugated goat anti-mouse IgM (Molecular Probes, Eugene, OR) were used as secondary antibodies. The cell staining technique used for flow cytometry was as previously described (Shinohara et al., 1999) . The stained cells were analyzed using a FACS-Calibur system (BD Biosciences), and only EGFPpositive cells were gated for analysis. At least 10,000 events were acquired for each sample. Alkaline phosphatase staining was carried out using a Vector Blue substrate kit (Vector Laboratories, Burlingame, CA) according to manufacturer's protocol.
Analysis of marker gene expression
Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA). For reverse transcriptase-polymerase chain reaction (RT-PCR), first-strand cDNA was synthesized using Superscript™ II (RNase H -reverse transcriptase, Invitrogen). PCR was carried out using appropriate primer sets, as described previously (Kanatsu-Shinohara et al., 2004b; Kanatsu-Shinohara et al., 2005b; Falender et al., 2005) .
Pulsed-field gel electrophoresis, terminal restriction fragments (TRF) analysis, and measurement of telomerase activity The DNA was harvested from 2ϫ10 6 cells by salting out method, using a buffer containing 20 mM Tris-HCl pH 8.0, 10 mM EDTA, 400 mM NaCl, 0.5% SDS and 100 g/ml of proteinase K. The DNA was digested with HinfI overnight and separated by electrophoresis on a 1.1% agarose gel at 14°C, using a pulsed-field apparatus (BioRad, Hercules, CA). Pulsed-field electrophoresis was performed with 6 V/cm constant for 12 hours and a ramped pulse from 1 to 10 seconds. To examine the TRFs containing telomeric sequences, the gel was dried at 60°C for 3 hours, soaked in denaturing solution (1.5 M NaCl-0.5 M NaOH solution for 30 minutes, neutralized in 1.5 M NaCl, 0.5 M Tris-HCl (pH 8.0) buffer for 30 minutes, and probed with (C 3 TA 2 ) 4 telomeric DNA oligonucleotides at 37°C overnight. Telomerase activity was measured using the TeloChaser detection kit (Toyobo, Osaka, Japan) as previously described (Tatematsu et al., 1996) .
Microinsemination
Microinsemination was performed by intracytoplasmic injection (Kimura et al., 1995) of round spermatids from EGFP-positive spermatogenic colonies from donor testes into C57BL/6ϫDBA/2 F1 (BDF1) oocytes, collected from superovulated females. The embryos were transferred into the oviducts of pseudopregnant ICR females, 24 hours after in vitro culture. Live fetuses were retrieved on day 19.5 and were raised by lactating foster mothers.
Combined bisulfite restriction analysis (COBRA)
Genomic DNA was treated with sodium bisulfite, which deaminates unmethylated cytosines to uracils but does not affect 5-methylated cytosines. PCR amplification of differentially methylated regions (DMRs) from the bisulfite-treated genomic DNA was carried out using specific primers as previously described (Xiong and Laird, 1997; Kanatsu-Shinohara et al., 2004b) . The amplified PCR products were digested with the indicated restriction enzymes, which have recognition sequences containing CpG in the original unconverted DNA. The intensity of the digested DNA bands was quantified using ImageGauge software (Fuji Photo Film, Tokyo, Japan).
Results
Long-term culture of GS cells
Neonatal testis cells from EGFP-transgenic mice were used to establish GS cells. After dissociation into single cell suspensions, testicular cells were cultured in the presence of a cytokine cocktail containing epidermal growth factor, basic fibroblast growth factor, leukemia inhibitory factor and GDNF. Under these conditions, the germ cells began to proliferate and form uniquely shaped colonies. After two to three passage in tissue culture, the germ cell colonies were transferred onto mitomycin C-treated MEFs. Stability of germline stem cells
To test the effect of long-term in vitro culture, we maintained two independent GS cells for 2 years (Fig. 1A) , during which the cells continued logarithmic growth. The established GS cells were weakly positive for alkaline phosphatase (Fig. 1A) , and they were regularly passaged every 5 to 6 days at a dilution of 1:3 to 1:6. Every 3 months during the 24-month experimental period, representative cell samples were cryopreserved. Flow cytometric analysis after 24 months in culture showed that the GS cells expressed the spermatogonial markers ␤1-and ␣6-integrins, CD9 and EpCAM (Shinohara et al., 1999; Kanatsu-Shinohara et al., 2004a; Ryu et al., 2004) ; the cells weakly expressed Kit, a marker of differentiated spermatogonia (Shinohara et al., 2000) , and did not express SSEA-1, an ES cell marker (Solter and Knowles, 1978) (Fig. 1B) . Similarly, RT-PCR analysis after 24 months of culture showed that, although the GS cells expressed the ES cell markers Oct4, Rex1 and ERas, they did not express other ES-specific markers, such as Nanog (Pesce and Schöler, 2001; Mitsui et al., 2003; Takahashi et al., 2003; Chambers et al., 2003) . By contrast, many spermatogonia or germ cell markers, including neurogenin 3, Ret, Stra8 (spermatogonia markers) (Meng et al., 2000; Giuili et al., 2002; Yoshida et al., 2004) , Mvh and Stella (germ cell markers) (Fujiwara et al., 1994; Saitou et al., 2002) , were expressed in the GS cells. Both PLZF and TAF4b, transcription factors involved in spermatogonial stem cell renewal (Buaas et al., 2004 , Costoya et al., 2004 Falender et al., 2005) , were also expressed in the GS cells (Fig. 1C) . Thus, the overall morphology and marker expression profiles of the GS cells, as examined by flow cytometry and RT-PCR, did not change after an approximately 10 85 -fold expansion by 139 passages over a 24-month period (Fig. 1E) .
Although the GS cells continued to proliferate without noticeable changes in either of the two independent cultures over the 24-month experimental period, ES-like cells (mGS cells) developed in one case after freeze-thaw treatment (KanatsuShinohara et al., 2004b) (Fig. 1A) . In this case, the cultured cells were divided into two fractions at 51 days after the initiation of the culture. Some of the cells were maintained for the 2-year period without cryopreservation, whereas the remaining cells were cryopreserved. In one of the cultures derived from the frozen cell stocks, mGS cells appeared 46 days after thawing, a total of 91 days from the initiation of culture. However, we did not find ES-like cells in any other of the more than 30 freeze-thaw-treated GS cell cultures, suggesting that the freeze-thaw procedure per se does not always induce the production of mGS cells. Consistent with our previous study (Kanatsu -Shinohara et al., 2004b) , the mGS cells exhibited ES cell markers (Fig. 1C) and produced teratomas by subcutaneous injection into nude mice (data not shown).
Genetic and epigenetic stability of GS cells
We next examined the stability of the karyotype and imprinting patterns of the GS cells. Hoechst 33258-stained GS cells from the two independent cultures were cytogenetically analyzed at 3, 12, 18 and 24 months after the initiation of cultures. More than 80% of the cells were euploid (38 paired autosomes and two sex chromosomes) after 24 months, and the proportion of euploid metaphase cells did not change significantly during long-term culture (Fig. 1D) . We also examined whether the GS cells maintained normal telomere length, as continuous cell division generally induces shortening of the telomeres of cultured cells, eventually leading to cell cycle arrest or apoptosis (Rubin, 2002) . To monitor telomere shortening, we performed Southern blot analysis to examine the TRFs that contain the telomeric repeat sequences. The telomere length in the GS cells decreased progressively at a constant rate (~0.7 kb per month) during the experimental period and was reduced to ~40% of the original length after 24 months of continuous culture ( Fig. 2A,B) . This occurred despite evidence of telomerase activity in GS cells (Fig. 2C) .
We also determined the genomic imprinting pattern in the GS cells, because the methylation patterns of germline cells tend to change during culture. The methylation patterns of the DMRs of three paternally methylated regions [H19, Meg3 IG (Gtl2 -Mouse Genome Informatics) and Rasgrf1] and two maternally methylated regions (Igf2r and Peg10) were examined in GS cells harvested after 3, 12, 18 and 24 months of continuous culture (Fig. 3) . Consistent with the findings of our previous study (Kanatsu-Shinohara et al., 2004b) , COBRA analysis of the GS cells demonstrated androgenetic imprinting: methylation of the paternal DMRs and demethylation of the maternal DMRs. This androgenetic pattern was not altered in the two cultures at 24 months, indicating that GS cells are epigenetically stable. By contrast, the mGS cells that developed in a 3-month-old culture after freeze-thaw treatment had a different methylation pattern. Although paternally methylated regions in H19 and Rasgrf1 were highly methylated, DMRs in the Meg3 IG region were slightly undermethylated compared with those in the GS cells. Furthermore, while DMRs in Igf2r are unmethylated in the GS cells, they are hypermethylated in the mGS cells. These results support our previous observation that genomic imprinting is variable in mGS cells (Kanatsu-Shinohara et al., 2004) .
Spermatogenesis and generation of offspring from GS cells after long-term culture
To examine whether the cultured cells retained spermatogonial stem cell activity, we used a spermatogonial transplantation technique that allows competent spermatogonial stem cells to colonize the empty seminiferous tubules of infertile mouse testes (Brinster and Zimmermann, 1994) . GS cells were recovered from the two separate cultures at different time points during the long-term culture period, and single cell suspensions of the cells were microinjected into the seminiferous tubules of immunosuppressed infertile W mice. W mice lack endogenous spermatogenesis, owing to mutations in the Kit receptor (Ohta et al., 2003) ; therefore, any spermatogenesis in the recipient testes must necessarily originate from the transplanted stem cells. Two months after transplantation, the recipient mice were sacrificed, and the testes were examined for the presence of EGFP-positive colonies under UV illumination. The transplanted GS cells colonized the seminiferous tubules of W recipient testes and produced EGFP-expressing spermatogenic colonies, regardless of the amount of time the cells had been cultured (Fig. 4A) . Assuming 10% colonization efficiency (Nagano et al., 1999) , the concentration of functional stem cells in the cultures ranged from 0.02% to 1.6% (Table 1) (Shinohara et al., 2001) , this result also indicates that the stem cells expanded by ~10 86 -fold since the initiation of the cultures. Histological analysis confirmed the presence of normal-appearing spermatogenesis in the recipient testes (Fig. 4B) .
Finally, to determine whether the germ cells were functionally normal, we attempted to produce offspring from long-term cultures of GS cells. We sacrificed W recipient mice that had received GS cells from 24-month-old cultures. The EGFP-expressing colonies were dissociated mechanically under UV light. Live spermatogenic cells were recovered by repeated pipetting of EGFP-positive seminiferous tubule fragments from three different recipient mice (Fig. 4C) . Round spermatids were collected and microinjected into BDF1 oocytes. A total of 194 embryos were constructed, and 130 were transferred into the oviducts of pseudopregnant ICR females (Table 2) . Of the 16 offspring born, 11 expressed the Egfp gene (Fig.  4C) . The mean weight of the neonatal mice derived from GS cells was 1.7 g, and the mean placental weight was 0.15 g, both of which were within the normal ranges. COBRA analysis of tissue samples indicated that the offspring had normal imprinting patterns (Fig. 3) . The offspring developed normally and became fertile as adults.
Discussion
Our study revealed the remarkable stability and proliferative capacity of spermatogonial stem cells during longterm culture. The genetic and epigenetic stability of spermatogonial stem cells is striking. Most mammalian somatic cells have limited proliferative potential, and eventually undergo senescence after limited number of cell divisions (Rubin, 2002) . Many cells that appear after degenerative phase are aneuploid, and it is from these that the permanent cells appear to evolve (Rubin, 2002) . By contrast, the growth rate of the GS cells was constant during the 2 years in culture, and the euploid karyotype was retained for at least 139 passages. Our results also showed the functional stability of cultured spermatogonial stem cells; the production of fertile offspring from cells passaged continuously for 2 years demonstrates that the functional characteristics of spermatogonial stem cells are fully retained despite long-term in vitro expansion.
Our results contrast with previous reports that demonstrated instability of germline cells in vitro. Although ES cells have a spontaneous mutation frequency that is ~100-fold below that of somatic cells (Cervantes et al., 2002) , culture of germline cells, such as preimplantation embryo, ES cells and EG cells, generally induces genetic and epigenetic changes. For example, previous studies have shown that ES cells progressively lose euploidy with increasing numbers of culture passages. More than 70% of ES cells became aneuploid by passages 25 (equivalent to more than 2 months of continuous culture), and these cells could no longer contribute to the germline by blastocyst injection (Longo et al., 1997) . The aneuploid abnormalities induced by long-term culture appear to occur at specific chromosome loci: whereas mouse ES cells commonly develop trisomy eight after long-term culture (Liu et al., 1997) , human ES cells have trisomy 17q and 12 (Draper et al., 2004) . These karyotypic changes probably confer a growth advantage in vitro and hence represent a common cause of the loss of germline potential. In addition to their chromosomal instability, in vitro culture of preimplantation embryo, ES cells and EG cells induces aberrant genomic imprinting, which can lead to morphological or functional abnormalities in embryo or offspring (Sasaki et al., 1995; Dean et al., 1998; Humpherys et al., 2001) . Surprisingly, composition of the medium can also influence the imprint pattern (Doherty et al., 2000; Khosla et al., 2002; Ecker et al., 2004) . The instability of these embryonic germline cells probably reflects their embryonic origin, which is susceptible to subtle changes in the maternal environment. However, our results strongly suggest that spermatogonial stem cells have sophisticated repair mechanisms to prevent transmission of genetic or epigenetic damage to the progenitors, which may be similar to the those found in postnatal stem cells in other selfrenewing tissues (Cairns, 2002; Potten et al., 2002; Gilbert, 2005) .
Despite their stability of spermatogonial stem cells, this study also demonstrated the shortening of telomeres during long-term culture, which suggests that these cells have limited proliferative potential. In most types of normal cells, the telomeric DNA erodes progressively with each round of cell division in the absence of telomerase activity (Blackburn, 2005) . Shortened telomeres induce chromosome fusion and trigger a checkpoint that results in cell cycle arrest and apoptosis. By contrast, telomerase activity and maintenance of telomere length is associated with immortality in tumor and ES cells (Niida et al., 1998; Blackburn, 2005) . As stem cells are considered to proliferate indefinitely by self-renewing division, the status of the telomeres in stem cells has been of great interest. Unlike most normal somatic cells, which do not have telomerase activity, low to moderate levels of telomerase expression have been described in adult stem cells from the skin, the gut and the hematopoietic system (Harle-Bachor et al., 1996; Kolquist et al., 1998; Allsopp et al., 2003) . Telomerase plays an important role in maintaining the telomeres in male germ cells, as shown by the gradual loss of spermatogenic cells and eventual sterility in telomerasedeficient mice (Lee et al., 1998) . However, our results show that telomere shortening occurs progressively during long-term culture of spermatogonial stem cells, despite the presence of telomerase activity. A similar phenomenon was also reported in hematopoietic stem cells, in which telomere shortening Development 132 (18) Research article occurs after three to four rounds of serial transplantation, despite a high level of telomerase activity (Allsopp et al., 2003) . These results indicate that postnatal stem cells might possess mechanisms for the regulation of telomere length that are different from those of ES cells. Although our results show the remarkable stability of spermatogonial stem cells, our previous study has suggested that GS cells had multipotential characteristics (KanatsuShinohara et al., 2004b) . We reported that ES-like cells (mGS cells) appeared in the cultures during the initiation of GS cell cultures from neonatal testis cells. The origin of these mGS cells in neonatal testis cell culture is currently unknown (Kanatsu-Shinohara et al., 2004b) ; it is possible that they arise from a population of distinct undifferentiated pluripotent cells that persist in the testis from fetal stage. However, we previously demonstrated the direct conversion of GS cells into mGS cells in experiments using GS cells derived from p53 mutant mice that have a high frequency of teratoma (Lam and Nadeau, 2003; Kanatsu-Shinohara et al., 2004b) . Based on this observation, we speculated that spermatogonial stem cells retain the ability to become multipotent cells during the early passages in vitro, an ability that may be lost during long-term cell culture (Kanatsu-Shinohara et al., 2004b) . In this study, mGS cell colonies developed in 3-month-old cultures after a freeze-thaw treatment, but thereafter no other GS cells converted to mGS cells during the 2-year experimental period. This result confirms our previous observation that mGS cells appear in the early phase of neonatal testis cell culture, and also suggests that established GS cells are resistant to mGS cell conversion. Although current culture conditions support the germline potential in spermatogonial stem cells, they do not fully support the multilineage potential attributed to spermatogonial stem cells. Further studies will be necessary to determine whether mGS cells are derived from GS cells, and a special effort should be made to establish improved culture conditions that maintain the full developmental potential of spermatogonial stem cells.
Spermatogonial stem cells represent an ideal model in which to investigate the unique biology of stem cells. Spermatogonial stem cells can be transplanted between animals, genetically manipulated and cultivated under feeder-cell or serum-free conditions (Brinster and Zimmermann, 1994; Kubota et al., 2004; Kanatsu-Shinohara et al., 2005a , Kanatsu-Shinohara et al., 2005b . These advantages are not available for stem cells in other self-renewing systems. Using these techniques, spermatogonial stem cells can now be routinely expanded and subsequently examined for molecular and genetic characteristics. Future studies will determine the mechanism by which spermatogonial stem cells maintain the stable characteristics. In addition, the long-term stability of GS cells will provide a strong advantage in practical application, and may complement ES cell technology. Although the shortening telomeres suggests that spermatogonial stem cells have limited proliferative potential, it would not be a serious concern in practical application of GS cells; assuming a constant rate of telomere loss, GS cells should continue to proliferate for 34 months and achieve ~10 120 -fold expansion before they undergo crisis. This should allow a sufficient time for in vitro genetic modification of GS cells for various purposes, including gene targeting. Thus, GS cells provide a new possibility in the study of stem cell biology and will be an attractive target of germline modification. Results from three separate experiments. Embryos were cultured for 24 hours and transferred into the pseudopregnant mother. Round spermatids were used for microinsemination.
